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Introduction
Protoplast studies appear to have fallen out of fashion. One
reason may be that, because of genomic incompatibility,
somatic hybridisation as a potential breeding strategy often
results in the production of infertile amphiploids (Rose et
al. 1990). However, by transferring smaller amounts of the
genome by highly asymmetric somatic hybridisation, as
demonstrated in the Brassicaceae (Glimelius et al. 1991),
aubergine (Collonier et al. 2001), and Medicago (Tian et
al. 2002), it is possible to introduce genetic variation for
nuclear-encoded characters. Although somatic embryo-
plants can be produced from conifer protoplasts, as shown
for Larix (Klimaszewska 1989), such modified, partial
somatic hybridisation strategies have not been fully
explored in the Pinaceae. Protoplasts still make good
experimental models for physiological and molecular
studies. For example, Papadakis and Roubelakis-
Angelakis (2002) suggested that oxidative stress might be
responsible for protoplast recalcitrance. They found that
oxidative stress was correlated with the protoplast’s
inability to re-enter the cell cycle.
Early zygotic embryogenesis in the majority of gymno-
sperms is characterised by a very restricted period of free
nuclear divisions during prophase. For example, there are
four free nuclei in Pinus, Picea, Larix and Pseudotsuga,
eight in Sequoiadendron, 16–32 in Taxus, and 32–64 in
members of the Auraucariaceae. In the Pinaceae, the
development of the zygote to a mature embryo follows a
relatively similar pattern among genera. For perspective,
the following is a brief summary of prophase and metaphase
in zygotic embryogenesis in Larix decidua (Schopf 1943).
Prophase commences with two free nuclear divisions and
with the resulting four nuclei migrating toward the base of
the archegonium, where they undergo renewed division.
The four apical nuclei become compartmentalised by cell
walls and form the springboard for further embryo develop-
ment. The four lowermost nuclei divide, four forming a layer
of rosette cells. The remaining four, termed ‘relict nuclei’ by
Schopf (1943), remain free and do not develop further. In
Larix, Picea and Abies the rosette cells eventually
degenerate; in Pseudotsuga, they are absent altogether,
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The purpose of the study was to follow early steps in
the initiation of somatic embryos in hybrid larch (Larix
x eurolepis Henry) by using protoplasts of different
lineages and studying their cryptic potential to simulate
zygotic embryogenesis. Protoplasts of embryonal-
suspensor tissue, separated by discontinuous density
gradient centrifugation into three fractions, were
immobilised in thin films of alginate and cultured on a
medium sustaining embryo development. The fractions
consisted mainly of (1) vacuolated non-cell regene-
rating suspensor protoplasts and cytoplasts, (2)
mononucleate cell- and somatic embryo-regenerating
protoplasts, and (3) multinucleate non-cell regenerating
protoplasts. Concerning the latter fraction, it was
hypothesised that compartmentalisation of the nuclei by
cell wall formation (in analogy to the partitioning of free
nuclei during early prophase in zygotic embryogeny)
might result in the direct inception of an embryo or
embryogenic tissue. Partitioning of nuclei by cell wall
formation was not observed. However, a protoplast
containing two, three or even four nuclei could undergo
mitosis and cytokinesis, but only as a result of one of
the nuclei dividing and entering the cell cycle and only
when nuclear division had been preceded by cell wall
resynthesis. Given that there are developmental diffe-
rences between somatic and zygotic embryos, more
detailed information on the cytology of somatic embryo
development will be required in order to determine
whether or not somatic embryogenesis truly mimics
that of its zygotic counterpart.
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whereas in Pinus, Cedrus and Tsuga they are capable of
division, but form only small rosette embryos that eventually
abort. In Larix, division of the apical cells results in a layer
of primary suspensor cells which, by elongation growth,
keep the apical layer pressed to the nutritive tissue of the
megagametophyte. As a result of renewed division in the
apical layer, a massive secondary suspensor develops.
Each of the four apical cells with its suspensor forms a
polar unit which, although developing independently, stays
connected to the other units during metaphase.
Current interest was whether, in the conifer, somatic
embryogenesis truly mimics zygotic embryogenesis. Should
homology between the two processes be sought or should
we be satisfied with a better understanding of analogous
developmental events? It was the contention of Haccius
(1965), working on angiosperms, that it may be unwarranted
to look for too close a morphogenic relationship between
zygotic and somatic embryos in any species. Perhaps we
are looking for too simplistic a model?
Klimaszewska (1989) found that Larix x eurolepis proto-
plasts subjected to discontinuous density gradient fractio-
nation yielded three fractions that differed in their ability to
regenerate embryogenic tissue. Following up on this study,
Staxén et al. (1994) found the protoplasts of the two non-
regenerating fractions, the uppermost and lowermost, to
rarely display mitotic figures. The lowermost of these consis-
ted mainly of multinucleate protoplasts. Behrendt (1994) also
observed the formation of multinucleate protoplasts in Larix
decidua, especially in response to an enzyme isolation
solution that contained the pectinase Boerozyme M5 (Serva).
She proposed that protoplasts with up to three free nuclei
could develop into embryogenic aggregates and eventually
embryos.
Raghavan (1986) pointed out that since the fertilised egg
is only partially covered by a cell wall, a protoplast comes
close to resembling a zygote. Therefore, the differentiation of
an embryo from a naked cell might be expected to illuminate
the problems involved in the development of a partially naked
zygote within the confines of the embryo sac. Raghavan
(1986) also noted that although naked protoplasts form
somatic embryos only after they resynthesise new cell walls,
they still provide useful insights into the conditions necessary
to promote their eventual transformation into embryoids.
We wished to investigate whether by following the fate
of protoplast-regenerated somatic embryos from tissue that
had originated from the immature zygotic embryo of Larix,
it would be possible to discern distinguishing features. One
such feature is the absence or presence of prophase in
early embryogenesis. Another is the possible partitioning of
free nuclei in a multinucleate protoplast by the formation of
cell walls, in a manner analogous to that following prophase
in zygotic embryo development. The possible role of the
suspensor cell in embryo initiation must also be elucidated.
Materials and Methods
Plant material
Embryogenic lines of somatic tissue of hybrid larch (Larix
x eurolepis Henry) initiated from immature zygotic embryos
were used. The embryogenic tissue was maintained as
embryonal-suspensor masses on the solidified MSG
medium (Becwar et al. 1990), or as a suspension culture
in the same medium, minus gelling agent. MSG is a
Murashige and Skoog (1962) medium that contains 1mM
L-glutamine, 60mM sucrose, 9µM 2,4-D and 2.5µM BA,
solidified with 0.4g l–1 Gelrite gellan gum (Merck). The
tissues in suspension culture were sub-cultured weekly and
those on solid medium bi-weekly. The cultures were kept
in darkness at 25 ± 1°C. In some experiments the embryo-
genic tissue was cultured in a medium with reduced borate,
namely 10µM instead of 100µM, as a means of inhibiting
development of suspensor cells (Behrendt and Zoglauer
1996). Lines of European larch (Larix decidua Mill.) were
also investigated, but as they behaved similarly to hybrid
larch this report deals only with the latter.
Protoplasts
Isolation of protoplasts was based on the method of
Klimaszewska (1989), whose procedure was modified by
eliminating the pre-treatment, decreasing the content of
pectinase, and filtering the digested tissue through nylon
mesh, pore size 120µm. Between 2–3g fresh mass embryo-
genic tissue grown on solidified medium or 2–3ml packed
cell volume of suspension-cultured embryogenic cells
(following centrifugation for 1min at 100xg) were incubated
at 25 ± 1°C for 5–8h or overnight in 20ml enzyme solution
containing 0.1% (w/v) Macerozyme R-10 and 0.5% (w/v)
Cellulase Onozuka R-10 (Yakult Honsha, Japan). The
enzymes were dissolved in a wash solution containing 0.4M
mannitol, 10mM CaCl2 and 5mM MES, pH 5.8. Protoplasts
were fractionated on a three-step (10%, 20% and 30%, v/v,
Figure 1) discontinuous Percoll (Kabi Pharmacia, Sweden)
density gradient according to Staxén et al. (1994), and the
fractions washed and re-suspended in culture medium for
further investigation. In some cases, suspensor cell proto-
plasts (and cytoplasts) were separated from embryo
protoplasts by the method of Behrendt and Zoglauer (1996).
First, the mixed protoplast suspension was passed through
the nylon filter and diluted with a flotation solution consisting
of 24% Ficoll 400, 0.3M mannitol (instead of sorbitol), 5mM
MES, 3mM CaCl2, pH 5.8, to a final concentration of 4%
Ficoll, and centrifuged at 100xg for 10min. After removal of
the suspensor cell protoplasts at the Ficoll interface, the
pellet was transferred to the flotation solution (i.e. 24%
Ficoll) and the embryo protoplasts separated from the debris
by centrifuging at 100xg for 25min.
Immobilisation of protoplasts
Broadly following the method used by Lenzner et al. (1995)
for sugar beet, protoplasts were immobilised in alginate
after first preparing the following: (1) an isotonic wash
solution of 130mM NaCl, 9mM KCl, 0.3M glycine, 5mM
glucose, pH 5.8, filter-sterilised, (2) 0.4M mannitol
containing 5mM MES, pH 5.8, filter-sterilised, (3) 2% Na-
alginate (Sigma, low viscosity) in 20ml 0.4M mannitol, filter-
sterilised, and (4) 20mM CaCl2, 0.4M mannitol and 1% agar,
autoclaved and poured in 45mm Petri dishes. After isolation,
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the protoplasts were collected and pelleted by centrifuging
at 100xg for 5min in the Ca2+-free isotonic wash (Solution
1). The pellet was washed again, re-pelleted and re-
suspended in 0.4M mannitol (Solution 2) and the protoplast
number adjusted to double the concentration needed for
culture (c. 4–6 x 104 ml–1). This suspension was mixed with
the 2% alginate (Solution 3) in a ratio of 1:1. A 0.5ml aliquot
of protoplast-alginate suspension was pipetted onto the gelled
Ca2+-agar (Preparation 4) and allowed to spread thinly over
the surface by tilting the Petri dish. After storing overnight at
5–8°C for Ca2+-induced polymerisation of the alginate, the
protoplast-containing alginate film was carefully cut into
segments that were transferred to a 45mm Petri dish contain-
ing solidified culture medium. Cell wall removal or regen-
eration was confirmed by including Fluorescence Brightener
28 (Sigma) in the liquid medium at 10µg ml–1, at which con-
centration it does not inhibit cell wall regeneration.
Histology and fluorescence staining
Embryogenic tissue and protoplasts were prepared for light
and scanning electron microscopical observation using
conventional microtechniques (Bornman et al. 2003).
Indirect immunofluorescence staining for microtubules was
carried out according to Staxén et al. (1994), using a
monoclonal rat anti-yeast tubulin (MAS 077/C Sera-Lab) as
primary and FITC-conjugated rabbit anti-rat IgG (Vector
Laboratories, Burlingame, CA) as secondary antibody. Exci-
tation radiation of Fluorescence Brightener (cell wall) and
bisbenzimide Hoechst 33528 (DNA), 1µg ml–1, was in the
ultraviolet range of 330–380nm, and of FITC (tubulin) in
the blue range of 420–490nm.
Results
Embryo-suspensor cell mass
In Figures 2A–D and 3A, B aspects of embryo- and
suspensor-related development of Larix x eurolepis
embryogenic tissue are shown. Cultured on an agar medium
containing 100µM borate (Figures 2A, B and 3A, B),
embryonal-suspensor masses (ESM) that develop are
typical of conifer tissues derived from zygotic embryos. As
shown in Figure 2A, these often comprise aggregates of
tightly knit embryogenic, suspensor and callus cells. Figure
2B is a scanning electron micrograph of an aggregate of
somatic embryos with their suspensor cells in spiral coils.
Figure 2C, representative of development in a liquid culture,
also with 100µM borate, shows an early-stage somatic
embryo with a long, vacuolated suspensor cell, flanked on
one side by an embryo with an elongating suspensor cell
and on the other probably by an embryo cell with a
suspensor cell in differentiation. The embryonal aggregate
shown in Figure 2D is devoid of suspensor cells and is
from tissue cultured on solid medium containing 10µM boric
acid. In Figure 3A, an embryonal-suspensor mass stained
for DNA with Hoechst 33258 shows nuclear DNA-
fluorescence of densely packed embryonal and elongated,
vacuolated suspensor cells. A proportion of the embryonal
cells displays various mitotic figures, for example meta-
phase and early anaphase, as seen at greater magnification
in Figure 3B, and telophase. Free nuclei — and therefore
prophase — were not observed in an embryonal cell.
Density gradient fractionation, immunofluorescence
staining and plating in alginate
A three-step discontinuous Percoll gradient yielded three
fractions, F1–F3 (Figure 1, +suspensors), one each at the
respective 10%, 20% and 30% interfaces. Fraction 1
consisted mainly of large, vacuolated protoplasts (Figure
3C) and cytoplasts (i.e. enucleated protoplasts, Figure 3D),
and F3 of protoplasts containing more than one nucleus
(Figure 3E, F). Except for monitoring early embryo develop-
ment, we were less concerned with F2, as Staxén et al.
(1994) reported on this somatic embryo-regenerating fraction
in detail. Protoplasts from embryogenic tissue cultured on
minimal borate were largely devoid of suspensors, which
resulted in a greatly reduced F1 band (Figure 1,
–suspensors). This was taken as an indication that a large
(i.e. long), vacuolated suspensor cell is unstable when subjec-
ted to enzymatic maceration, and upon dissolution of the cell
wall either collapses or releases a protoplast and one or
more cytoplasts (see also Figure 5A, L).
Fraction 1
Protoplasts and cytoplasts from F1 displayed diameters
ranging from less than 20µm to more than 75µm and nuclei
with a mean diameter of 15µm. Immunofluorescence staining
of protoplasts and cytoplasts (Figure 3C, D) showed randomly
Figure 1: Discontinuous density gradient centrifugation of Larix x
eurolepis protoplasts isolated from embryonal-suspensor masses
results in three fractions: F1, a band of mainly suspensor cell-
derived protoplasts and cytoplasts; F2, mononucleate, embryo-
regenerating protoplasts; and F3, multinucleate, non-cell
regenerating protoplasts. The tube to the right is of protoplasts
from embryonal masses cultured on a medium with reduced borate,
thus largely lacking suspensor cells. The F1 band contains no or
few suspensor cell-derived protoplasts and cytoplasts
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dispersed microtubules in the cell cortex. DNA staining of
protoplasts (not shown here) resulted in a weak nuclear
fluorescence, probably as a result of either less total chromatin
or chromatin that is more widely dispersed in the nucleus.
Fraction 2
Protoplasts from this fraction had dense nuclei with a mean
diameter of about 11µm and a protoplast-to-nucleus ratio
of 1.5:1 to 3:1.
Fraction 3
This fraction consisted of multinucleate protoplasts. Release
of protoplasts from the embryonal-suspensor masses
cultured on solid medium or from packed-cell masses from
suspension culture commenced within 1–2h, as did
spontaneous fusion (Figure 4A), even before dissolution of
the walls of cells at the centre of the ESM was completed
(Figure 4B). Cell wall dissolution was monitored by the
continuous presence of Fluorescence Brightener in the
enzyme maceration solution. Figure 4C shows remnants of
cell walls in the centre of an ESM-ghost after 4h maceration.
By the time cell wall maceration was complete, within 5–8h,
DNA-staining with Hoechst 33258 confirmed the presence of
multiple nuclei in fused protoplasts (Figure 4D), and individual,
giant protoplasts (Figure 4E) had formed. As many as 50 or
more nuclei were observed in some fused protoplasts, but
generally the number ranged between two and 10. The cortical
microtubule network was severely disrupted. The microtubules
were mostly fragmented and discontinuous, and presumably
in a state of tubulin dis-assembly. In places (lower left of
Figure 3C), protoplasts displayed an intense overall
fluorescence, presumably as a result of the cytoplasm being
pushed into a parietal position below the plasma membrane
by the presence of several nuclei. Even after seven days in
culture, polynucleate protoplasts were unable to restore their
cytoskeleton, which may be one of the reasons for their
inability to reconstitute a cell wall.
Longer maceration times, for example overnight, resulted
in mass spontaneous fusions in the form of bead-like
Figure 3: Embryogenic tissue and protoplast fractionation. (A, B):
embryo-suspensor mass stained for DNA with Hoechst 33528 to
show proportionate sizes of embryo and suspensor cells and nuclei
(A) and, at higher magnification, nuclei with multiple nucleoli as
well as some mitotic figures in cells of the embryonal mass (B).
(C–F): F1 suspensor cell protoplast (C) and cytoplast (D) with
details of cortical microtubules; (E) F3 multinucleate protoplast
showing disrupted cytoskeleton and corresponding DNA staining
to reveal 4 nuclei (F). Diameters of nuclei in (A, B, E and F) are
c. 8–11µm. The nucleus in (C) has a diameter of 12µm; the
diameter of the cytoplast in (D) is 40µm
Figure 2: Histology of embryogenic tissue: (A) serial section
through an embryonal-suspensor mass showing embryogenic
tissue and subtending suspensor cells; (B) scanning electron
micrograph of somatic embryos bunched together with coiled
suspensors; (C) early-stage somatic embryo with embryogenic cells
and a long, vacuolated suspensor cell, from a culture medium
containing normal boron (100µM B); (D) embryogenic tissue devoid
of suspensor cells, from a culture medium containing reduced
boron (10µM B). Bars in (A, B and C) represent 10µm and 100µm
in (D)
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chains, most of which were removed by the first filtration
step (data not shown).
Mono- and polynucleate protoplasts from all three frac-
tions were immobilised in alginate and their subsequent
single-cell development in culture was followed daily using
either an inverted fluorescence microscope or a stereo dissec-
ting microscope. Whereas the mononucleate protoplasts of
F2 could produce new cell walls within 2–3 days, and enter
into the cell cycle and then separate from each other after
7–9 days, multinucleate protoplasts (such as shown in
Figures 3E, F and 4E) were incapable of doing so. However,
it was observed that subsequent to cell wall reconstitution,
the new cell containing two or three nuclei could divide, but
only as the result of one of the nuclei participating in mitosis
and cytokinesis; the remaining nuclei degenerated. Our
hypothesis, as envisaged in Figure 4F, that the eventual
cellular partitioning of a multinucleate protoplast might lead
to the direct formation of embryonal tissue or even of an
embryo initial itself, therefore remained unverified. Division
preceding cell wall formation of the protoplast was never
observed.
Somatic embryogenesis
The potential modes of embryo initiation and development
with the protoplast as starting point are shown schematically
and explained in Figure 5A–L.
Discussion
In Larix zygotic embryos, only the apical cells, i.e. the four
cells nearest the base of the archegonium, manifest a
definite polarity or display embryo-forming capacity. Any cell
derived from these apical cells is organically subordinated
to its respective apical cell (Schopf 1943). The pro-
embryonic stage is said to be complete just before the
archegonium is broken at the 16-celled stage. This intra-
archegonial period of development, which is a distinct
synchronised phase in the embryologic sequence following
fertilisation, is lacking in the synthetic environment of the
Petri dish where somatic embryo development takes place
more or less asynchronously from isolated cells of an
embryonal-suspensor aggregate. Use of techniques deve-
loped by Klimaszewska (1989), Behrendt (1994) and Staxén
et al. (1994) makes it possible to separate embryogenic
cells from others of different lineages and greatly aids the
study of the cryptic potential of these cells in their apparent
simulation of zygotic embryogeny. By immobilising an
enriched population of embryogenic protoplasts in a thin
film of alginate and then culturing the film on an appropriate
medium, it is possible to track early steps in somatic embryo
development.
Suspensor cells
Density gradient centrifugation of embryogenic tissue under
culture conditions that either promote (100µM B) or inhibit
(10µM B) suspensor development, support the conclusion
that the protoplasts and cytoplasts in Fraction 1 are derived
mainly from the suspensor cells. Mitotic figures are rarely
seen in the protoplasts of this fraction and no cell division
was noticed upon plating. There are three possible reasons
for the lack of embryo regeneration from F1. The first is
the large proportion of enucleated protoplasts, and the
second the fact that the nucleated protoplasts are from cells
that have probably already lost their meristematic plasticity
as a result of excessive enlargement and vacuolation, as
observed during zygotic embryo development (Schopf
Figure 4: Further detail of protoplasts. Larix protoplasts show a
propensity for spontaneous fusion (A), even before cell wall
dissolution is complete (B), as monitored with Fluorescence
Brightener (for example) in (C), which shows undigested cell wall
fragments remaining in the centre of a nearly fully-digested ESM.
Diameters of non-fused protoplasts in (A) and (B) vary from
25–40µm. While enzyme maceration is occurring, some freed
protoplasts have already fused spontaneously as shown by
Hoechst staining (D), often resulting in giant protoplasts containing
4 to 10 (E, diameter 75µm) and even up to 50 or more nuclei.
The protoplast in (F) is the same as that in Figure 3F, but with
cell walls reconstructed to illustrate the hypothesis that, in analogy
to the compartmentalisation of free nuclei which occurs in early
prophase in zygotic embryogeny and during gametophyte
formation in the Pinaceae, a similar partitioning might take place
in a multinucleate protoplast, leading to the direct formation of an
embryo or embryonal mass, as for example in Figure 2A. However,
this hypothesis could not be verified
Bornman, Devillard, Pavlica and Botha364
1943). The third is the finding by Behrendt (1994), in Larix
decidua, that the suspensor cell nuclei are arrested in the
G0-phase of the cell cycle, where no DNA replication occurs.
Behrendt and Zoglauer (1996) showed the dependence
of suspensor development on the concentration of boron
in the culture medium. As these authors pointed out, of all
micronutrient elements the function of boron in plants is the
least understood. The observation by Birnbaum et al.
(1974), that boron appears to be more critical for cell
elongation than cell division, is perhaps of relevance to this
study. Somatic embryo development is not dependent on
the presence of suspensor cells and it is doubtful that
suspensor cells are precursors of embryogenic cells. In
somatic embryo development it is often impossible to
delineate suspensor cells per se in the polar unit that marks
the early spherical stage of the somatic embryo. Since the
absence of suspensors does not appear to affect the
totipotency of the embryogenic cells or the development of
the somatic embryos, it must be assumed that outside the
confines of the megagametophyte they are dysfunctional.
Multinucleate protoplasts
Protoplasts of Larix display a propensity for spontaneous
fusion and the frequent presence of multinucleate proto-
plasts raises a number of questions. First, in analogy to
cell wall formation that partitions the estimated 2 000 free
nuclei in the female gametophyte of Pinus (Foster and
Gifford 1974), could a similar process occur in protoplasts
that contain up to 50 or more nuclei? Formation of a
potential embryo mass in a multinucleate protoplast through
cell wall partitioning of the nuclei was not observed. Had
it occurred, it would first have had to be preceded by the
de novo formation by the protoplast of a cell wall and then
by the compartmentalisation of the nuclei into the cells that
would initiate embryo development or constitute the
embryonal mass. The embryonal part of the ESM, some-
times erroneously referred to as an embryo ‘head’, is deli-
neated neither by a unified dermal tissue nor a common
cuticle. Second, is it possible, in analogy to the situation
during prophase in zygotic embryogeny, where in Larix,
Pinus and Pseudotsuga there are four free nuclei, that
partitioning of 2–4 nuclei by wall formation could signal the
inception of a somatic embryo? This was a question also
posed by Behrendt (1994), who reported finding compart-
mentalisation and subsequent cell separation in a protoplast
with three nuclei. This observation was not confirmed, but
following cell wall formation in protoplasts containing two
or three nuclei, one of the nuclei may enter the cell cycle,
with normal cytokinesis as a consequence, whereas the
remainder would degenerate. Such a cell could then by
subsequent divisions give rise to an aggregate of embryonal
tissue consisting of normal mononucleate cells. Third, could
nuclear division also occur before cell separation, as
observed by Von Aderkas (1992) during embryogenesis
from haploid protoplasts of European larch? Although it
cannot be excluded, this observation could also not be
confirmed.
In spontaneously-fused protoplasts, especially those
containing a number of nuclei, the microtubule network was
fractured, dispersed and highly disorganised, probably
preventing the establishment of polarity and the morphogenic
potential associated with a structured cytoskeleton. Removal
of the wall results in a destabilisation of the cell’s microtubule
framework (Simmonds 1992), but as reported by Staxén et
al. (1994) protoplast-derived cells of F2 can re-instate a
parallel and helical orientation in the arrays of cortical micro-
tubules, in contrast to protoplasts of F1 and F3.
Figure 5: Potential modes of initiation and development of somatic
embryos from isolated protoplasts immobilised in alginate and
cultured on a nutrient medium: (A) embryo plus suspensor
representing either an embryonal-suspensor mass on normal
(100µM) borate-containing medium or an embryonal mass minus
suspensor on reduced (10µM) borate. A protoplast from an
embryogenic cell (B) re-forms its cell wall and divides (C) to
produce either the initials of an embryonal mass (D) and/or those
of an embryo directly (E), from which distinct polar units will develop
that give rise to bilateral embryos (F) capable of developing into
mature embryos (G) and plantlets. Larix protoplasts show a
propensity for spontaneous fusion (H), which results in formation
of giant, multinucleate protoplasts (I). Partitioning of the free nuclei
(J) to form either an embryonal mass or embryo initials (as in D
and E, respectively) was not observed. However, a protoplast
containing two to four nuclei (I) may resynthesise its cell wall and
undergo division but only as a result of one of the nuclei entering
the cell cycle (K); such a protoplast then behaves similarly to that
in (C). During enzymatic maceration each suspensor cell (A) may
form a protoplast and one or more cytoplasts (L). Protoplasts and
nuclei are not drawn to scale. The figures in (E) and (F) were
redrawn from serial sections of glutaraldehyde-fixed and
glycolmethacrylate-embedded sections (about 3µm thick) stained
with 0.1% toluidine blue. Bars alongside E, F and G represent
10µm, 15µm and 1000µm, respectively
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It is perhaps not surprising that no cell wall partitioning
was observed in multinucleate protoplasts (Figures 4F and
5I, J), as there was no evidence of pre-prophase banding
nor of cell plate formation. As we are unaware of cytoskeletal
studies of cell partitioning during prophase of zygotic
embryogeny or the development of the megagametophyte
in pine, the precise mechanism of cell wall formation in
these cases remains unclear.
The somatic embryo
In spite of frequent subculture, embryogenic tissue may
progressively lose its competence because non-embryo-
genic cells in the embryonal-suspensor mass gradually
outgrow the embryogenic cells, eventually forming an
inchoate callus. It cannot be assumed that all cells of the
embryo mass are totipotent, as serial sections of such a
mass might show proportionately few polarity units in
different stages of development (Figure 5D, E), which have
the capacity to form the final embryos. This phenomenon
of ‘embryogenesis with delayed embryo differentiation’ is a
characteristic not only of all non-zygotic (i.e. adventive)
embryos in vivo and in vitro, but also of zygotic embryo
development in all gymnosperms and certain angiosperm
families (Haccius 1971). However, for the ana-stage in late
zygotic embryogenesis of Larix decidua, it appears that all
cells of the developing somatic embryo are meristematic
and plastic, and readily accommodate themselves to the
spatial relations necessary for the formation of polarity units
(Schopf 1943). This also appears to be the case in somatic
embryogeny, as discrete polarity units are easily identifiable,
especially by the development of thicker outer walls of the
peripheral cells and a common cuticle, followed by the
partial or eventual complete separation of the unit from
surrounding tissue (Figure 5E). Polarity units are also a
feature of somatic tissues of mono- and dicotyledons (e.g.
see Figure 3C–E of scutellar tissue of wheat in Magnusson
and Bornman 1985). At a given stage, the spherical embryo
assumes bilateral symmetry, an indication of the inception
of transverse as well as longitudinal polarity.
A somatic embryo or embryoid is an embryo-like structure
that originates from a cell other than a zygote, and careful
observation will show two broadly similar morphological topo-
graphies during development, namely, spherical (globular,
Figure 5E) and bilateral (heart- and torpedo-shaped, Figure
5F, G). These stages characterise early somatic embryo
development in various species in the Pinaceae. This is the
case regardless of whether the adventive induction took place
(1) in a cell of an embryonal mass with suspensors (Bornman
et al. 2003) or (2) one devoid of suspensors (Behrendt 1994),
(3) in an embryo cell in liquid culture (Gorbatenko and
Hakman 2001), (4) in a cell in sub-epidermal tissue of a
cotyledonary needle (Lelu and Bornman 1990), (5) in a cell
derived from a protoplast (Staxén et al. 1994), or (6) in cells
of shoot apical slices of mature pine (Malabadi and Van
Staden 2003).
In describing embryo and seed development in Douglas
fir, Allen and Owens (1972) found it difficult to define the
term ‘embryo’ precisely. It would appear even more
problematic in the case of the somatic embryo. In contrast
to the zygotic embryo, somatic embryogenesis does not
begin with a fertilised egg, nor can the process be readily
divided into the four classical stages of zygotic embryo
development, namely, pro-, early, late and dormant. Unlike
zygotic embryogenesis, there is no true pro-embryo stage
in somatic embryogenesis in the Pinaceae because of the
absence of prophase, where the first division of the fertilised
egg begins with two free-nuclear divisions and ends with
the 12- to 16-celled stage when the primary suspensor cells
begin to elongate. Although it may be useful, any division
of a continuous developmental process is artificial and, as
inferred from Allen and Owens (1972), excessive subdivision
only complicates the understanding of events. The argument
against excessive subdivision also applies to two further
aspects of somatic embryogenesis: first, the classification
of somatic embryos during maturation into four phases, with
Phase 1 embryos mistakenly purported to represent pro-
embryos (Hakman and Von Arnold 1988, Von Aderkas et
al. 1991); and second, the designation of embryo induction
from somatic cells other than those of an immature or
mature zygotic embryo (e.g. those of sub-epidermal origin
in cotyledonary needles) as secondary. A secondary embryo
is one that has its ontogenetic origin in the tissues of a
primary embryo. Still, in spite of far-reaching developmental
differences between zygotic and somatic embryos of the
same species, Haccius (1971) considers the term ‘embryo’
to be justified in both cases, since an embryo is charac-
terised by a shoot apex with a closed radicular pole at its
opposite end.
To arrive at an answer as to whether or not somatic
embryogenesis truly mimics its zygotic counterpart will
require more detailed information on the cytology of somatic
embryo development. The ability to enrich fractions of poten-
tially embryogenic cells and to follow their anatomical and
physiological development from the single-cell to the mature
embryo stage should facilitate this task.
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